The Wonoka-Shuram Anomaly represents the largest negative carbon isotope excursion recognized in the geologic record and is associated with the emergence and diversification of metazoan life ca. 580 million years ago (Ma). 
within anomaly facies. Rather, the oxygen isotope and temperature data are consistent with carbonate recrystallization and equilibration under increasingly rock-buffered conditions. Based on simple modeling and comparison to modern formation fluids, recrystallization may have occurred in an environment far removed from the initial depositional or early diagenetic regime.
In addition, although clumped isotope temperatures vary significantly and reach elevated values consistent with burial diagenesis, it is unclear to what degree, if at all, carbon isotope values were reset during recrystallization. Ultimately, these new data indicate that Wonoka-Shuramaged carbonates experienced equilibration with fluids under increasingly closed-system conditions. The clumped isotope data do not provide a means to distinguish previous hypotheses
INTRODUCTION
Much of our understanding of the origins of life on the early Earth originates from geochemical signatures incorporated into carbonate rocks. Although carbonate geochemistry can be used to probe ancient surface environments, it is critical to first assess the potential for alteration of primary geochemical signatures, as carbonates are susceptible to post-depositional alteration (i.e., diagenesis). The oxygen isotope compositions of carbonate minerals (δ 18 O carb ) are widely employed as diagenetic indicators. However, unraveling the specific diagenetic histories using δ 18 O carb has been a longstanding problem in the geosciences largely due to influences by both temperature and fluid oxygen isotope composition (δ 18 O w ). The two most common styles of carbonate diagenesis may both drive δ 18 O carb to lower values. Meteoric diagenesis occurs at shallow depths, through contact primarily with non-marine fluids that are depleted in 18 O (Allan and Mathews, 1982) . Carbonates formed in contact with meteoric fluids will record low δ 18 O carb and low carbon isotope compositions (δ 13 C carb ) due to fluid interaction with soil organic matter (Gross and Tracey, 1966 (such as metastable aragonite and high-magnesium calcite) are susceptible to recrystallization over time (Sandberg, 1975) . However, fluid isotope compositions at depth (confounded by varying degrees of rock buffering; e.g., Banner and Hanson, 1990 ) may be quite different from those of surface environments, therefore carbonates forming in a burial environment may exhibit a wide range in δ 18 O carb extending to both negative and positive extremes. As a result, interpreting the δ 18 O carb of ancient rocks as resulting from primary marine precipitation, meteoric diagenesis or burial diagenesis has remained a longstanding problem in carbonate geochemistry.
The origin of one of the most unusual carbon isotope features in the geologic record, the ~580 million-year-old Wonoka-Shuram Anomaly, is debated as primary by some (Rothman et al., 2003; Fike et al., 2006; Kaufman et al., 2007) and diagenetic by others (Burns and Matter, 1993; Knauth and Kennedy, 2009; Derry, 2010) . The association of the anomaly, the largest negative δ 13 C carb excursion in Earth's history (Grotzinger et al., 2011) , with the emergence and diversification of metazoan life makes it of broad interest. Based on the current understanding of the marine δ 13 C record collected from numerous carbonate platforms around the world, the Neoproterozoic ocean may have experienced some of the most extreme carbon isotope shifts in Earth's history, with positive swings upwards of ~+12‰ and negative shifts down to ~-11‰, with the lowest δ 13 C carb values expressed within the Wonoka-Shuram Anomaly (Halverson et al., 2005) (Fig. 1 ).
The seemingly global nature of the Wonoka-Shuram Anomaly (see Fig. 1 ) has led to the development of multiple primary hypotheses to explain its origin. If representative of ancient ocean chemistry, the carbon cycle must have been vastly different from today to allow such massive carbon isotope swings, and there is no shortage of hypotheses to explain them. These include interpretations such as volcanic carbon dioxide buildup linked to extensive glaciation (e.g., the "snowball Earth" hypothesis) (Hoffman et al., 1998) , the release of methane (Kennedy et al., 2001) , the partial oxidation of a large pool of dissolved organic carbon (Rothman et al., 2003) , and the weathering of fossil organic matter with increasing oxygen in the atmosphere (Kaufman et al., 2007) . In the absence of robust biostratigraphy and adequate radiometric dates, the Wonoka-Shuram and similar excursions form the backbone of carbon isotope chemostratigraphy, an approach that has been widely employed to correlate strata from place to place during this critical time in Earth's history (Knoll, 2000) . However, the utility of the carbon isotope chemostratigraphic tool requires that δ 13 C carb reflect global values.
When interpreting samples of such antiquity, most researchers acknowledge that diagenetic alteration has occurred and that most sequences have likely experienced burial heating (Knauth and Kennedy, 2009; Arthur, 2009; Derry 2010) . However, δ 13 C carb is not strongly temperature dependent (in contrast to δ 18 O carb ) and should be buffered against drastic change because carbonate rocks contain much more carbon than typical diagenetic fluids (Banner and Hanson, 1990) . In contrast, δ 18 O carb is less likely to be rock-buffered, is strongly temperature dependent as discussed above, and thus altered from primary values more easily through geologic processes (Banner and Hanson, 1990 However, some diagenetic processes may occur at the global scale, depending on the specific mechanism (e.g., glacial drawdown, Swart and Kennedy, 2012).
In order to explore the origin of the Wonoka-Shuram Anomaly, we use a new tool, the carbonate clumped isotope paleothermometer (Ghosh et al., 2006; Dennis and Schrag, 2010) to determine the temperature of mineral formation and therefore better characterize the rocks in which the anomaly is preserved. This thermometer enables us to calculate calcite and dolomite precipitation temperatures independently of the isotopic composition of the water in which the carbonate crystallized (Ghosh et al., 2006; Guo et al., 2009; Dennis and Schrag, 2010 , 1997; Vasconcelos et al., 2005) . The tool has been used for a range of applications including the study of primary and diagenetic processes in terrestrial and marine samples of a wide range of ages (Came et al., 2007; Affek et al., 2008; Dennis and Schrag, 2010; Eagle et al., 2010 Eagle et al., , 2011 2013; Passey et al., 2010; Tripati et al., 2010 Tripati et al., , 2014 Bristow et al., 2011; Ferry et al., 2011; Finnegan et al., 2011; Huntington et al., 2011; Keating-Bitonti et al., 2011; Loyd et al., 2012a Loyd et al., , 2013a 2014; Passey and Henkes, 2012; Swanson et al., 2012; Dale et al., 2014) .
GEOLOGIC CONTEXT
Carbonate samples from three Neoproterozoic units that express the Wonoka-Shuram
Anomaly (Corsetti and Kaufman, 2003; Jiang et al., 2007; Loyd et al., 2012b) were analyzed for their clumped isotope composition in order to determine the temperatures at which the carbonates precipitated and calculate δ 18 O w , neither of which can be uniquely determined using conventional isotopic techniques. The carbonates were deposited between ~635 and ~500 Ma and include dominantly shallow water facies exhibiting the Wonoka-Shuram Anomaly (Corsetti and Kaufman, 2003; Jiang et al., 2007; Loyd et al., 2012b) from Sonora Mexico, Death Valley
California and South China. The Sonora and Death Valley sections are mixed carbonatesiliciclastic and the South China section is carbonate dominated (Fig. 3) . The ages of these units are well-constrained through temporal correlations built upon biostratigraphic, chemostratigraphic and radiometric data (Stewart et al., 1970; Stewart et al., 1984; Christie-Blick and Levy, 1989; Heaman and Grotzinger, 1992; Corsetti and Hagadorn, 2000; Jenkins et al., 2002; Corsetti and Kaufman, 2003; Zhou et al., 2007; Jiang et al., 2007; Sour-Tovar et al., 2007; Loyd et al., 2012b) . Figure 3 includes carbon isotope chemostratigraphy and the positions of the Wonoka-Shuram Anomaly (WSA) and the Precambrian-Cambrian boundary for each section, where applicable. Detailed depositional environment interpretations, lithological descriptions and chronologic constraints are provided in previous reports (Corsetti and Kaufman, 2003; Jiang et al., 2007; Loyd et al., 2012b) .
METHODS
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Analyzed powders were microdrilled dominantly from micrites interpreted as most representative of the 'primary' phases. Regions containing coarse-crystalline spar and/or clear late-stage crusts were avoided to ensure sampling of the most pristine and representative phases.
Carbonates are dominantly monomineralic and composed of limestone or dolostone with one exception (see Table 1 ). A single sample from the Doushantuo consists of ~20% calcite and 80%
dolomite. The mineralogy of these carbonates was previously reported (Kaufman et al., 2007; Loyd et al., 2012b) , and/or determined here via x-ray diffraction.
Stable isotope analysis, standardization, and calculations:
Between 6 and 14 mg of powdered sample was used for each measurement. A small subset of homogenized samples were measured in duplicate in order to evaluate sample heterogeneity, with data reported in Table 1 . Sample powders were digested in phosphoric acid at 90°C and analyzed following a published protocol (Huntington et al., 2009; Passey et al., 2010) . The product CO 2 was analyzed on a specially modified Thermo MAT 253 gas source mass spectrometer dedicated to measuring clumped isotopes in CO 2 at UCLA. A custom-built, automated, online device (Passey et al., 2010 ) is used to introduce samples to the mass spectrometer. It is composed of 1) a Costech Zero Blank autosampler made of stainless steel that will pull high vacuum, 2) a common acid bath for phosphoric acid digestion of samples, 3) cryogenic traps (dry ice and ethanol, and liquid nitrogen) for the purification and collection of CO 2 and removal of water and other gases with low vapor pressures, 4) a gas chromatograph with a packed column and a cryogenic trap to further purify CO 2 through the removal of organic contaminants, with helium being used as a carrier gas, 5) cryogenic traps to separate the CO 2 from the helium, and 6) a final set of valves and traps to purify CO 2 and transfer it into the bellows of the mass spectrometer.
Mass spectrometers used for analyses are configured specifically to measure multiply 25°C water-equilibrated gases and 'heated gases' are analyzed regularly. Heated gases are composed of CO 2 with a stochastic distribution of isotopes among isotopologues. Gases with different bulk δ 18 O and δ 13 C ratios in quartz breakseals are heated to 1000°C for two hours and then quenched at room temperature. These heated gases and 25°C water-equilibrated gases are then purified and analyzed using the same protocol as sample gases, and used to construct the absolute reference frame and determine a non-linearity correction as described elsewhere (Dennis et al., 2011) .
Clumped isotope values are reported in ∆ 47 notation, referring to the ‰ enrichment of 13 C 18 O 16 O produced during acid digestion of carbonates above the amount expected for a random distribution of isotopes amongst all CO 2 isotopologues. Specifically ∆ 47 is defined as: Table 1 . These ∆ 47 values were converted to temperature using the same procedure as a previous study (Bristow et al., 2011) by applying an acid digestion fractionation factor to account for digestion at 90°C and using theoretical calibrations (Guo et al., 2009 ). Published empirical calibrations extend from 1-65°C (Ghosh et al., 2006; Dennis et al., 2011; Zaarur et al., 2013; Tang et al., 2014) , and application to these samples would require a large extrapolation well beyond this temperature range. We note the trends and absolute values of the theoretical calibration are supported by a high-temperature calibration for synthetic and natural dolomites from 25-350°C (Bonifacie et al., 2010) . Thus, we use the theoretical calibrations as they allow reconstructions over a large temperature range and take potential differences between dolomites and calcites into account.
The mineral-specific equations used are:
Calcite ∆ 47 = -3.33040 x 10 9 /T 4 + 2.32415 x 10 7 /T 3 -2.91282 x 10 3 /T 2 -5.54042/T + 0.23252
(1) 
RESULTS
As has been recognized in
DISCUSSION
Closed System Evolution
The correlations between ∆ 47 -temperature and δ 18 O w , and between ∆ 47 -temperature and δ 18 O carb likely indicate that these rocks consist of various amounts of carbonate recrystallized and reequilibrated under increasingly closed-system conditions. The ranges of reconstructed temperature and δ 18 O w overlap with known surface and subsurface geologic environments (Fig. 9; Clayton et al., 1966; Allan and Mathews, 1982; Egeberg and Aagaard, 1989; Clark and Fritz, 1997 (Stewart, 1966; Jiang et al., 2006) , implying possible maximum burial temperatures of up to ~200ºC (assuming a geothermal gradient of 25ºC/km). In northwestern Mexico, the overlying strata thickness has not been quantified beyond the Cambrian, and therefore maximum burial depths cannot be independently assessed. (Banner and Hanson, 1990) .
Environment of Reequilibration
The temperature-δ 18 O w values derived from the carbonates explored in this study overlap with data sourced from formation fluids extracted from subsurface reservoirs (Figs. 4, 9 ).
Modern formation fluids are largely interpreted to have experienced increased δ 18 O values during increased water-rock interaction with increasing temperatures (Hitchon and Friedman, 1969; Knauth, 1988; Banner et al., 1989; Egeberg and Aagaard, 1989; Connolly et al., 1990; Pauwels et al., 1993; Moldovanyi et al., 1993; Wilson and Long, 1993 (Yurtsever and Gat, 1981; Rozanski et al., 1993; Gat, 1996) . In contrast, interior continental waters exhibit isotope compositions that often extend down to -10 to -15‰, consistent with the initial fluid compositions implied by the W/R model results 8 
Implications for the Wonoka-Shuram Excursion
Primary hypotheses:
Many lines of evidence support a primary origin for the WonokaShuram Anomaly (Grotzinger et al., 2011) . The global expression of the excursion, with little scatter and a characteristic shape repeated in many sections around the world, is highly suggestive of a primary origin (Grotzinger et al., 2011) and is difficult to reconcile through burial diagenesis. The striking consistency of the excursion magnitude (down to ~ -12‰) is problematic to explain in diagenetic environments where high spatial heterogeneity is typically the norm and where a control on the maximum depletion in δ 13 C carb is difficult to envision. In addition, the contribution of carbon originally sourced from organic matter would have been quite significant, depending on the isotopic composition of organic matter and the original carbonate sediment. If the primary carbonate sediment exhibited a carbon isotopic composition of ~0‰ (VPDB) similar to the modern ocean and the organic matter expressed an isotopic composition of ~ -25‰, approximately half of the final rock carbon must have been derived from organic matter. Whereas it seems reasonable that porous, thin carbonate lenses could contain enough secondary cement to satisfy this mass balance, thick carbonate packages occur in all sections examined here (Fig. 3) . Indeed, Pleistocene platform deposits that record depleted In addition, recent sulfur isotope investigations have uncovered a nearly global positive correlation between δ 13 C carb and carbonate-bound, trace sulfate δ 34 S (Loyd et al., 2013b Halverson, G.P., Hoffman, P. and Kaufman, 2003; Loyd et al., 2012b) . The south China data (from Jiang et al., 2007) originate from the same samples analyzed here. These expressions are not internally manipulated, but rather simply pinned based on the anomaly inception and its return to values near 0‰. Notice the asymmetry expressed at all sites. and Gat, 1981; Barry and Chorley, 1987; Rozanski et al., 1993; Gat, 1996 ; Clark and Fritz, 1997. 
